The thermal decomposition of the native GaSb oxides is studied using time resolved x-ray photoelectron spectroscopy with a temperature resolution of better than 1 K. The expected transfer of oxygen from Sb-O to Ga-O before the eventual desorption of all oxides is observed. However, an initial reaction resulting in the reduction of Sb 2 O 3 along with the concurrent increase in both Ga 2 O 3 and Sb 2 O 4 is detected in the temperature range of 450-525 K. Using the relative changes in atomic concentrations of the chemical species observed; the initial reaction pathway is proposed.
I. INTRODUCTION
GaSb is a III-V material with applications as a potential channel material for p-type metal-oxide-semiconductor field effect transistors, 1,2 optoelectronics in the infrared region, [3] [4] [5] [6] quantum devices, 7 and tunnel field effect transistors. 8 Prior to application specific processing, it is often necessary to remove the GaSb native oxide, which can be quite thick. Such oxides can inhibit subsequent epitaxy and also be a source of traps for devices as a result of defect levels in the energy gap. 2, 9 To achieve this, capping the surface 10 and high temperature annealing in ultrahigh vacuum (UHV) 11, 12 or other reducing ambient, such as atomic hydrogen, 3, 12, 13 is often employed. This process has been examined in previous works but is revisited in this study with dynamic-x-ray photoelectron spectroscopy (dynamic-XPS) where the remarkable temperature resolution combined with multichannel photoelectron data acquisition enables a detailed study of the initial decomposition of the native oxide in real time.
II. EXPERIMENT
The samples [GaSb(001) Te-doped $2-6 Â 10 17 cm À3 n-type one side polished, epi-ready wafers from MTI Corp. item number GSTa50D05C1-US] were taken as provided by the vendor and exhibit a "native" oxide without further chemical treatments. This oxide is of particular interest since it is expected to exist on any GaSb surface that is exposed to the air. The GaSb sample was mounted to a Ta sample plate by spot-welded Ta strips prior to loading into UHV. Heating in UHV was achieved by backside radiation from a pyrolytic boron nitride (PBN) heater. The sample was out gassed for $12 h at 373 K. For XPS, a monochromated XM1000 Al Ka (h ¼ 1486.7 eV) source was utilized. The core-level features of Ga 2p 3/2 , O 1s, and Sb 3d core-levels have been monitored and recorded versus time using a 128-channel "Argus" analyzer, recently developed by Omicron Nanoscience, running the "alternating snap-shot mode" that sets the center of the kinetic energy range for the parallel detection by the analyzer, initializes the data recording, and then sets the next kinetic energy range to be analyzed for the next core-level. This approach enables rapid data acquisition of spectral regions in a fast, parallel mode under laboratory conditions. After completing all selected snap-shot energies in a defined list, the recording loop repeats for the duration of the experiment so that each energy region can be monitored with time.
The dwell time for each window was 1-2 s, so the time for one complete loop of three energy regions was <20 s. To ensure high temperature resolution, the experiment was carried out by ramping the temperature from 373 K up to 893 K over a 5 h period (ramp: 104 K/h). In this manner, the temperature varies by no more than DT < 1 K during the data acquisition of a single "loop" of energy regions, and a total of 1200 spectra from each core-level region are acquired. The parallel-detected energy range is 7.5 eV for the selected pass energy of 50 eV. With these parameters, the instrumental energy resolution is approximately 0.2 eV. To analyze the large volume of data, the fitting software CasaXPS was utilized. 14 This software allows for large quantities of data to be analyzed using fixed ranges for particular parameter variations. Experiments carried out with this type of setup are hereafter referred to as "dynamic-XPS."
For calculating the feasibility of the various reactions discussed in this work, the total energies of each side of the reaction equations are compared in a manner similar to that utilized by Liu et al., 15 
III. RESULTS AND DISCUSSION
A. Qualitative analysis 1. Contour plots Figure 1 shows the obtained spectra in "contour" format where the binding energy is plotted on the x-axis, but intensity is plotted with color coding rather than on the y-axis as is traditional for XPS. In this manner, the variations in intensities can be monitored as a function of temperature, which is plotted on the y-axis. The energy region of 1122-1115.5 eV corresponds to the Ga 2p 3/2 region [ Fig. 1(a) ]. The original maximum a) Electronic mail: stephenmcd@utdallas.edu b) Electronic mail: rmwallace@utdallas.edu intensity energy position suggests oxidized gallium in the Ga 2 O 3 chemical state. 2 There is an increase in intensity observed starting at $650 K, which plateaus at $750 K, and finally, there is complete removal of Ga 2 O 3 along with the concurrent appearance of a Ga-Sb substrate signal at $850 K. In the 542-535 eV region [ Fig. 1(b) ], both the oxidized antimony overlayer as well as the substrate Sb-Ga signal are observed from the sample at 373 K. At 650 K, and at the same time that the Ga 2 O 3 signal is seen to increase, the Sb-O signal decreases to below the limit of detection. At approximately 850 K, the intensity of the substrate signal increases dramatically, strongly indicating the removal of an overlayer.
The 533-526 eV region [ Fig. 1(c) ] is slightly more complex. While the Sb 3d 5/2 spectra should effectively mirror that of the Sb 3d 3/2 , the binding energy of the O 1s core level coincides with the oxidized antimony signal from the Sb 3d 5/2 core level. This makes trends in the O 1s spectra difficult to extract, and based purely on this data shown in Fig. 1 it would appear that the oxygen signal begins to decrease at $550 K and disappears completely at 850 K.
Integrated intensity as a function of temperature
In order to extract the contribution from the O 1s feature, one can utilize the unobstructed Sb-O feature from the Sb 3d 3/2 core-level. The integrated intensity for the Sb-O features from the Sb 3d 5/2 core-level should be 1.5 times the magnitude of that observed for the Sb 3d 3/2 due to the electron occupancy. Using this fact, the Sb 3d 5/2 contribution can be subtracted from the total feature magnitude so that the remainder can be confidently assigned to O 1s, and this remainder is plotted as a function of temperature in Fig. 2(a) . From this figure, it is clear that, other than a small decrease at 700 K, there is no significant loss of oxygen until $850 K, which has important implications on the following oxide compositional observations since the significant desorption of oxygen containing species clearly does not occur until >700 K. Shown in Fig. 2(b) are the areas observed for the Sb-O, Sb-Sb, Sb-Ga (GaSb substrate), and Ga-O. The results are qualitatively similar to previous reports 11, 18 in that as the Sb-O features decrease the Ga-O is seen to increase, which is also similar to other reports for III-As native oxides [19] [20] [21] [22] upon thermal annealing. This process begins at approximately 550 K and has been explained by the reaction
where 4Sb thermally desorbs and the number in parenthesis is the Gibbs free energy change. This regime exists in the temperature range of 550-740 K. The desorption of Sb is not unexpected in this temperature range since Sb capping layers are reported to desorb at 573 K in UHV. 10, 23 In this work, the Ga 2 O 3 is not found to desorb until the temperature range of 840-860 K, which is significantly higher than the previously reported range of 753-783 K. 11, 18, 24 Other than potential errors in temperature measurements between the various studies, at least two possible explanations exist to account for these discrepancies. It is possibly due to differences in the annealing environment since the previous work utilized anneals in flowing 18 H 2 or flux 24 of Sb. Another potential explanation is that in the previous studies 11, 18, 24 the samples were brought to, and held at, a fixed temperature for a specific time interval before cooling to room temperature for analysis, rather than being dynamically ramped as has been done in this study. It is also interesting to note that there is a gradual increase in the Ga 2 O 3 intensity between 700 K and 840 K. Since this coincides with the small reduction in the O 1s area, it is presumed that this increase in intensity is due to the removal of C-O species that originate in adventitious carbon on the starting surfaces. Such species have been shown to begin desorbing at temperatures of 630 K on GaAs, 670 K on AlN, and 770 K on GaN. 25, 26 B. Quantitative analysis 1. Spectral deconvolution of the Sb 3d 3/2 core-level feature
The combination of the chemical analysis with 1 K temperature resolution, which is presented here, allows for more detailed information to be obtained about the initial reactions. This can be emphasized in Fig. 3(a) where the Sb 3d 3/2 core-level spectra at 450 and 525 K have been isolated. It is clear from these spectra that the Sb-O feature is narrower at 525 K due to the loss of intensity on the low binding energy side, a fact that could easily be overlooked in using only Fig. 1 . This strongly suggests that the broader feature at 450 K is the product of two components. Spectral analysis [shown in Fig. 3(b) ] reveals that the spectra at 450 K can be fitted with a single GaSb feature plus two oxide related features at þ2.5 and þ3.1 eV relative to the GaSb bulk feature. The assignment of these features has not been consistent throughout the literature, with a number of works 7 30 at least one study 11 has fit oxide features with two components and assigned the þ2.4 eV feature to Sb 2 O 3 and a þ3.2 eV feature to Sb 2 O 4 , which would appear to satisfy a simple 0.8 eV per electron charge transfer argument.
In this work, the feature at þ3.1 eV with respect to the bulk is assigned to Sb 2 O 4 , and the reasons for this assignment will become apparent later. Fitting the spectra acquired at 525 K and fixing the relative positions of the features shows a significant reduction in the Sb 2 O 3 feature with a concurrent increase in the Sb 2 O 4 feature compared to the spectra at 450 K. The temperature range over which this happens is highlighted as region I in Fig. 4 . It appears that Sb 2 O 3 is completely decomposed in this temperature range and at least some is converted to Sb 2 O 4 . Such a process is not explained by reaction (1).
Evolution of chemical states as a function of temperature
The evolution of the relative intensities for these chemical states is shown for the entire temperature ranges studied in Fig. 4 . Here, it can be seen that changes take place over specific temperature ranges, designated as regions I and II in this figure. During region I, which takes place in the range of 480-530 K, the Sb 2 O 4 gradually increases as the Sb 2 O 3 decreases to the limit of detection. This change occurs $40 K lower than the earliest reactions that were previously reported 11 and highlights how the improved temperature resolution provided by dynamic-XPS can reveal new information even for previously studied systems.
In the absence of an oxygen source, such a reaction necessarily requires the formation of Sb and while a small Sb feature can be detected both before and after this reaction, the change is negligible. As such, it can be inferred that the majority of the formed Sb is volatile and desorbs at these temperatures. Simply comparing the Gibbs free energies of 4Sb 2 O 3 ! 3Sb 2 O 4 þ 2Sb would suggest that Sb 2 O 3 is the more favorable configuration, and as such, the experimentally observed increase in Sb 2 O 4 with the concurrent decrease in Sb 2 O 3 likely has a more complex reaction path, as shall be discussed after considering the Ga 2p 3/2 core-level spectra. As discussed in regard to Fig. 2 , region II begins at 550 K, after the Sb 2 O 3 concentration is decreased to the limit of detection and the Sb 2 O 4 begins to decrease in intensity. This decrease can be explained by a reaction similar to reaction (1), although one should consider that the reaction does not actually start with Sb 2 O 3 and so likely takes the form Turning to the Ga 2p spectra in Fig. 2(b) , it can be seen that, while the main increase in intensity occurs at 550 K coinciding with the reduction of the total Sb-O concentration (region II), from $480 K and above, there is a gradual increase in the Ga 2 O 3 feature. Again, in the absence of oxygen, the oxidation of gallium requires the scavenging of oxygen from the oxidized antimony. It can be shown that the conversion of Sb 2 O 3 or Sb 2 O 4 to Ga 2 O 3 is favorable through a reaction with the GaSb by either reaction (1) or reaction (2). However, when considering both the increase in Ga 2 O 3 and Sb 2 O 4 along with the decreasing Sb 2 O 3 an alternate reaction can be considered,
This is also thermodynamically favorable and explains well the general trends observed from the XPS analysis. More interestingly, a similar expression for the conversion of Sb 2 O 3 to Sb 2 O 5 is not energetically favorable, showing instead an increase in energy of 94.4 kcal/mol,
As such, the experimental observation of this decrease in the þ2.4 eV Sb 3d 3/2 feature along with the increase in the þ3.1 eV feature serves as justification for the assignment of the þ3.1 eV feature as Sb 2 O 4 rather than Sb 2 O 5 .
More quantitatively, this reaction suggests that for every two Sb 2 O 3 molecules that are decomposed, only one Sb 2 O 4 is created. Given the large degree of noise in the XPS spectra, quantitative analysis is better achieved by taking the average of the peak areas within the temperature ranges. The changes in peak areas for the Sb 2 O 3 and Sb 2 O 4 features correspond to a 95% decrease and 10% increase in the total peak areas, respectively, and as such are well within XPS detection limits. Comparing the range of 450-480 K with the range of 510-540 K (just before and after region I), it can be found that there is a drop in the average counts of Sb 2 Accounting for the differences in photoionization potential (assumed to be proportional to the differences in the relative sensitivity factors of 3.34 and 3.07, respectively), a normalized increase of 22 counts is observed in the Ga 2 O 3 . This increase corresponds to 1.5% increase in the total Ga 2 O 3 signal and as such is just above the limit of XPS detection. More importantly, when this value of 22 is compared to the observed decrease of 124 in Sb 2 O 3 , it is in good agreement with the expected 5:1 ratio for Sb 2 O 3 #:Ga 2 O 3 ".
IV. SUMMARY AND CONCLUSIONS
In summary, the application of dynamic-XPS to study the thermal desorption of native oxides on GaSb has done more than simply confirm previous findings of oxygen transfer from Sb 2 O x to Ga 2 O 3 prior to the eventual complete desorption of the Ga 2 O 3 . Additional information about the initial reactions has been obtained, particularly in the temperature range of 480-510 K. Through reactions with the substrate and desorption of Sb, Sb 2 O 3 is converted to Sb 2 O 4 along with some Ga 2 O 3 . Simple comparison of the Gibbs free energies for these reactions would suggest that the conversion is from Sb 2 O 3 to Sb 2 O 4 rather than to Sb 2 O 5 , which strengthens the case for the assignment of the core-level feature separated þ3.1 eV from the bulk Sb-Ga as Sb 2 O 4 rather than Sb 2 O 5 in the Sb 3d core level spectra for GaSb native oxides. This work has demonstrated the usefulness of dynamic-XPS and suggests that a great deal of information may be gathered even from material systems that have been previously studied by other techniques.
